In human neuroblastoma SH-SY5Y cells, hydrogen peroxide (H 2 O 2 , 200mM) rapidly (< 5 min) induced autophagy, as shown by processing and vacuolar relocation of light chain 3(LC3). Accumulation of autophagosome peaked at 30 min of H 2 O 2 exposure. The continuous presence of H 2 O 2 eventually (at > 60 min) caused autophagy-dependent annexin V-positive cell death. However, the cells exposed to H 2 O 2 for 30 min and then cultivated in fresh medium could recover and grow, despite ongoing autophagy. H 2 O 2 rapidly (5 min) triggered the formation of dichlorofluorescein-sensitive HO Á -free radicals within mitochondria, whereas the mitochondria-associated oxidoradicals revealed by MitoSox (O 2 Á2 ) became apparent after 30 min of exposure to H 2 O 2 . 3-Methyladenine inhibited autophagy and cell death, but not the generation of HO Á . Genetic silencing of beclin-1 prevented bax-and annexin V-positive cell death induced by H 2 O 2 , confirming the involvement of canonical autophagy in peroxide toxicity. The lysosomotropic iron chelator deferoxamine (DFO) prevented the mitochondrial generation of both HO . and O 2 Á2 and suppressed the induction of autophagy and of cell death by H 2 O 2 . Upon exposure to H 2 O 2 , Akt was intensely phosphorylated in the first 30 min, concurrently with mammalian target of rapamycin inactivation and autophagy, and it was dephosphorylated at 2 h, when > 50% of the cells were dead. DFO did not impede Akt phosphorylation, which therefore was independent of reactive oxygen species (ROS) generation but inhibited Akt dephosphorylation. In conclusion, exogenous H 2 O 2 triggers two parallel independent pathways, one leading to autophagy and autophagy-dependent apoptosis, the other to transient Akt phosphorylation, and both are inhibited by DFO. The present work establishes HO Á as the autophagy-inducing ROS and highlights the need for free lysosomal iron for its production within mitochondria in response to hydrogen peroxide.
-free radicals within mitochondria, whereas the mitochondria-associated oxidoradicals revealed by MitoSox (O 2 Á2 ) became apparent after 30 min of exposure to H 2 O 2 . 3-Methyladenine inhibited autophagy and cell death, but not the generation of HO Á . Genetic silencing of beclin-1 prevented bax-and annexin V-positive cell death induced by H 2 O 2 , confirming the involvement of canonical autophagy in peroxide toxicity. The lysosomotropic iron chelator deferoxamine (DFO) prevented the mitochondrial generation of both HO . and O 2 Á2 and suppressed the induction of autophagy and of cell death by H 2 O 2 . Upon exposure to H 2 O 2 , Akt was intensely phosphorylated in the first 30 min, concurrently with mammalian target of rapamycin inactivation and autophagy, and it was dephosphorylated at 2 h, when > 50% of the cells were dead. DFO did not impede Akt phosphorylation, which therefore was independent of reactive oxygen species (ROS) generation but inhibited Akt dephosphorylation. In conclusion, exogenous H 2 O 2 triggers two parallel independent pathways, one leading to autophagy and autophagy-dependent apoptosis, the other to transient Akt phosphorylation, and both are inhibited by DFO. The present work establishes HO Á as the autophagy-inducing ROS and highlights the need for free lysosomal iron for its production within mitochondria in response to hydrogen peroxide.
Key Words: autophagy; cell death; oxidative stress; deferoxamine; lysosomes.
Superoxide anion, a potentially harmful reactive oxygen species (ROS), is constantly produced in aerobic cells as a byproduct of mitochondrial respiration. Superoxide anion is rapidly converted by cytosolic superoxide dismutases into H 2 O 2 , a short-lived molecule that may serve as a cell survival messenger (Groeger et al., 2009) . However, when its production exceeds the antioxidant defenses, H 2 O 2 poses a serious threat to the cell. Such an eventuality is likely to occur in brain tissue exposed to neurotransmitters (Yamato et al., 2010) , ischemia-reperfusion (Hyslop et al., 1995; Slemmer et al., 2008) , anesthetics (Roberts et al., 2009) , or environmental neurotoxins (Hatcher et al., 2007; McCormack et al., 2005) .
By interacting with ferrous ions, H 2 O 2 generates highly toxic hydroxyl radical (HO Á ) via Fenton reaction (Brunk et al., 1992) . In this reaction, iron is oxidized to ferric ion and can be reduced back to ferrous ion by reacting with superoxide anion in the Haber-Weiss reaction. Several lines of evidence demonstrate that H 2 O 2 toxicity is linked to the iron-dependent generation of ROS within lysosomes (Castino et al., 2007; Persson et al., 2003; Yu et al., 2003) and mitochondria (Uchiyama et al., 2008) . Iron accumulates in lysosomes following the continuous delivery to this organelle of ironcontaining proteins via endocytosis and macroautophagy (Kidane et al., 2006; Kurz et al., 2008) .
Macroautophagy (hereafter autophagy) helps the cell to face with intra-and extracellular stresses by enabling the lysosomal degradation of damaged or redundant cellular components, thus preventing harmful consequences and recovering substrates and energy for synthesis of new molecules and membranes (Yang and Klionsky, 2010) . The material to be degraded is packaged into the autophagosome, a doublelayered membrane vesicle that subsequently fuses with endosomes and, eventually, with lysosomes. The final step of the autophagy process consists in the extensive degradation of the sequestered material by lysosomal acid hydrolases (Yang and Klionsky, 2010) . Activation of autophagy is aimed at overcoming stressful situations, yet in certain circumstances its hyperactivation may end-up in cell death (Kroemer and Levine, 2008) . Oxidative stress affects the proper folding of proteins, which eventually form insoluble toxic aggregates. In addition, membrane lipid peroxidation alters the integrity of organelles that become leaky and therefore harmful. Autophagy in oxidative stressed cells removes such oxidized molecules and organelles, thus favoring cell survival (Isidoro et al., 2009) . However, in several settings, H 2 O 2 toxicity has been linked to induction of macroautophagy (Castino et al., 2010; Chen et al., 2008; Choi et al., 2010; Pivtoraiko et al., 2009) .
As an attempt to survive to the oxidative injury, the cell exposed to H 2 O 2 may rapidly activate the Akt/protein kinase B signaling pathway to suppress bax-mediated apoptosis (Sadidi et al., 2009) . Despite the initial activation of Akt, cells extensively exposed to oxidative stress in the end undergo apoptosis and/or necrosis (Castino et al., 2010; Simon et al., 2000) , an event associated with inactivation of the Akt pathway (Martin et al., 2002) . Ser-473-phosphorylated Akt suppresses not only apoptosis (Thompson and Thompson, 2004) but also autophagy (Arico et al., 2001; Degtyarev et al., 2008) , though in some circumstances it may precipitate apoptotic cell death following inhibition of protective autophagy (Castino et al., 2008b) . Thus, the functional relationship between Akt phosphorylation and the regulation of autophagy and apoptosis in response to an oxidative stress remains to be determined. Also to be solved is the source (and the nature) of ROS involved in the modulation of Akt activity and of the autophagy and apoptosis pathways.
In this work, dopaminergic neuroblastoma SH-SY5Y cells were exposed for 30 or 120 min to 200lM H 2 O 2 , an experimental condition that mimics the situation described in striatal cerebral area following ischemia-reperfusion (Hyslop et al., 1995) . Exogenous H 2 O 2 induced autophagy in SH-SY5Y cells despite the concomitant activation of Akt and led to apoptosis at the time of Akt dephosphorylation. Chelation of lysosomal iron by deferoxamine (DFO) prevented the prompt generation at mitochondrial level of autophagyinducing hydroxyl radicals and onset of autophagy-dependent apoptosis. Further, DFO did not interfere with the early activation of Akt but effectively inhibited the subsequent dephosphorylation of Akt. These findings highlight the role of lysosomal iron in driving autophagy in cells subjected to hydrogen peroxide stress and provide a mechanistic rationale for the neuroprotective activity of DFO in neurons exposed to H 2 O 2 -generating stresses such as neurotransmitters, hypoxiareperfusion, and toxins.
MATERIALS AND METHODS
Unless otherwise specified, all chemicals were from Sigma-Aldrich Corp. (St Louis, MO).
Cells and treatments. Human neuroblastoma SH-SY5Y cells (American Type Culture Collection, Manassan, VA) were cultivated under standard culture conditions as previously reported (Castino et al., 2007) . Cells were seeded and let adhere on sterile plastic dishes or coverslips for 24 h prior to start any treatment. Oxidant treatments were performed with 200lM H 2 O 2 (code H3410). Where indicated, the cells were preincubated with 10mM 3-methyladenine (3MA, 3 h, code M9281) or 1mM DFO (2 h, code D9533) or 10 mM ammonium chloride (1 h, code A0171); 1lM of the Akt inhibitor FPA-124 (Echelon Biosciences, Inc., Salt Lake City, UT, code B-0101) was administered to the cell 1 h prior to the exposure to H 2 O 2 . Rapamycin (Alexis Laboratories, San Diego, CA, code ALX-380-004) was used at 100nM final concentration.
Assessment of cell death. Cell loss from the monolayer was documented by phase contrast microscopy and assessed by counting adherent viable (trypan blue excluding) cells in the culture. Cell death was assessed by cytofluorometry analysis of annexin V-fluorescein isothiocyanate-positive cells (Alexis Laboratories, code ALX-209-250), assumed as indicator of apoptosis, as previously reported in detail (Castino et al., 2010) . Cytofluorometry data were interpreted using the winMDI software.
Clonogenic assay. The cells pretreated or not with 3MA or DFO were exposed for the 30 min or 4 h (as indicated in the text) to H 2 O 2 , then the medium was changed and the cells further cultivated for the time indicated in the absence of H 2 O 2 .
Fluorescence imaging of ROS, mitochondria, autophagy, and apoptosis. The presence of ROS was revealed by preloading the cells (15 min prior to the treatment with H 2 O 2 ) with 10lM 2#-7#-dihydrodichlorofluoroscein diacetate (H 2 DCF-DA; Molecular Probes-Invitrogen Co., Carlsbad, CA, code C2938), which becomes fluorescent once oxidized into dichlorofluorescein (DCF). The generation of mitochondrial superoxide anion was detected by using MitoSox-red (Molecular Probes-Invitrogen Co., code M36008) as instructed by the manufacturer. Mitochondria were detected in living cell by using the fluorescent probe Rhodamine123 hydrochloride (50nM, 10 min prior to microscope imaging; Alexis Laboratories, code 610-018-M005). Formation of autophagosomes was monitored in living cells stably transfected with a plasmid coding for the fluorescent chimeric protein green fluorescent proteinlight chain 3 (GFP-LC3) (Castino et al., 2007; Trincheri et al., 2008) . The presence of acidic autophagolysosomes was detected in living cells as a function of the uptake and accumulation of monodansylcadaverine (MDC, code 30432), as previously reported (Trincheri et al., 2008) . Markers of the autophagy-lysosomal system (LC3, beclin-1, Lamp1) were detected by immunofluorescence imaging in cells seeded and treated on sterile coverslip as already reported (Castino et al., 2010) . Apoptosis was morphologically assessed based on chromatin alterations (as detected by propidium iodide, code 81845 or 4',6-diamidino-2-phenylindole staining, code 32670) and of bax/ mitotracker staining, as reported elsewhere (Castino et al., 2010) . The integrity of mitochondrial membrane was demonstrated by retention of the fluorescent probe mitotracker (Molecular Probes-Invitrogen Co., code M22425). At the end of the treatment, the cells were incubated for 1 h at 37°C with 100nM mitotracker and then fixed (in 3.7% paraformaldehyde) and processed for immunofluorescence. The following antibodies specific for bax (Cell Signaling Technology, Inc., Danvers, MA, code BK2772), beclin-1 (mouse, BD Biosciences Laboratories, Franklin Lakes, NJ, code 612112; rabbit, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, code sc-10086), LC3 (Novus Biologicals, Littleton, CO, code NB600-1384), Lamp1 (BD Transduction Laboratories, code 611043), and Golgin-97 (Santa Cruz Biotechonology, Inc., code sc-59820) were used. Immunocomplexes were revealed with secondary antibodies, either IRIS-2 (green fluorescence)-or IRIS-3 (red fluorescence)-conjugated goat-anti-rabbit IgG or goat-anti-mouse IgG (Cyanine Technology SpA, Turin, Italy, code 2WS-08, 3WS-07), as appropriate. Fluorescence stained coverslips were observed with a Leica DMI600 fluorescence microscope (Leica Microsystems AG, Wetzlad, Germany). For each experimental condition, three to five coverslips were prepared. At least four fields in each coverslip were examined and evaluated by two independent investigators blind to treatments. Representative images of selected fields are shown. All experiments were replicated at least three times. Quantification was assessed by using the software ImageJ freely available at http://rsbweb.nih.gov/ij/. Note that image quantification of fluorescent cells on coverslip exposed to H 2 O 2 for a time > 30 min is given as a proportion of the remnant cells still adherent.
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Small interference RNA (siRNA)-mediated gene silencing of beclin-1. The sequence for the sense strand of Small interference RNA (siRNA) for posttranscriptional silencing of beclin-1 has been previously reported (Trincheri et al., 2008 ). An inefficient oligonucleotide, corresponding to the AGGUA-GUGUAAUCGCCUUG sequence, was used as a negative control of transfection (referred to as ''sham''). Adherent cells were incubated for 4 h with 400 pmol RNA duplexes in the presence of 10 ll Lipofectamine 2000 in 1 ml of Opti-MEM (Invitrogen Co., code 11668027, 11058021). Cells were then incubated for 30 h in fresh medium prior to start the oxidant treatment.
Protein expression analysis. Immunoblotting was performed following standard procedures. Akt and phosphorylated (ser473) Akt were detected with specific rabbit polyclonal anti-human Akt antisera (Cell Signaling Technology, Inc., code 9272, 9271). LC3 was detected using a monoclonal antibody (Novus Biologicals, code NB600-1384). S6 and ser235/236-pS6 were detected with rabbit monoclonal antibodies (Cell Signaling Technology, Inc., code 2217 and code 4856, respectively). Beclin-1 was detected using a mouse anti-beclin-1 (BD Biosciences Laboratories, code 612112). The same filter was subsequently probed with a mouse monoclonal antibody specific for b-actin (code A5441, clone AC-15) or for b-tubulin (code T5293) to prove equal loading of homogenate proteins between lanes. Immunocomplexes were revealed by using a peroxidase-conjugated secondary antibody, as appropriate, and subsequent peroxidase-induced chemiluminescence reaction (PerkinElmer, Inc., Waltham, MA, code NEL105001EA). Intensity of the bands was estimated by densitometry with both the ImageJ software (http://rsbweb.nih.gov/ij/) and the Quantity One software (VersaDOC Imaging System; Bio-Rad Laboratories, Inc., Hercules, CA). Western blotting data were reproduced in at least three to four separate experiments.
Statistical analysis. Unless otherwise specified, all the experiments were performed in triple and reproduced at least three times. Data are given as mean ± SD. The Student's t-test was performed to calculate statistical significance. The following p values were considered significant: *p < 0.05, **p < 0.01, ***p < 0.001, n.s., not significant. The XLStat 2010 software was used.
RESULTS

Activation of the Akt Pathway and Hydrogen Peroxide
Toxicity In SH-SY5Y cells exposed to 200lM H 2 O 2 signs of cell sufferance were apparent at a time > 30 min, whereas cell death was frankly evident in almost 50% of the culture by 2 h (Castino et al., 2007 and below) . As determined by the phosphorylation at ser473, Akt was highly activated (> 10-folds; p < 0.001) in oxidative-stressed cells at the time when no evidence of cell sufferance was detectable (30 min), whereas it was completely inactivated by the time (2 h) of apoptosis onset (Fig. 1A) . To determine the contribution of the Akt pathway in the response to H 2 O 2 in our model, oxidative stress was induced in the presence of an Akt inhibitor. Counting of viable cells revealed that cell loss, amounting to approximately 60%, occurred at 2 h and that inhibition of Akt exacerbated and anticipated H 2 O 2 toxicity (Fig. 1B) . The activation of the intrinsic death pathway was assessed by double staining the cells with mitotracker (a tracer of mitochondrial membrane integrity) and with antibodies specific for the conformational active bax. Although no signs of mitochondrial damage were detectable by 30 min of incubation with peroxide, at 2 h mitochondria lost their integrity in concomitance with activation of bax (Fig. 1C ). In the presence of the Akt inhibitor, activation of the bax-mitochondria death pathway was evident already at 30 min of exposure to H 2 O 2 and involved a larger proportion of cells at 2 h (Fig. 1C ), in accordance with cell counting data (Fig. 1B) . These data are consistent with the view that activation of the Akt pathway exerts a protective function against peroxide toxicity, at least in the initial phase of the intoxication.
Hydrogen Peroxide Stimulates Protective Autophagy
Concurrently with Akt Activation Next, we investigated whether autophagy plays an active role in the dynamic cellular response to oxidative stress. When autophagy is active, the microtubule-associated LC3 protein undergoes posttranslational modifications and relocates from the cytoplasm to vacuolar-like structures (Kabeya et al., 2000) . H 2 O 2 induction of autophagy was monitored in transfected SH-SY5Y cells stably expressing the GFP-LC3 chimera (Castino et al., 2008a) . In control cells, GFP-LC3 showed a diffuse cytoplasmic fluorescence, whereas a punctate fluorescence, indicative of vacuolar localization of LC3, became evident shortly (5 min) after exposure to H 2 O 2 in approximately 35% of cell population ( Fig. 2A) . The proportion of cells showing a vacuolar pattern of GFP-LC3 fluorescence (> 10 puncta per cell) rapidly increased with time of incubation with H 2 O 2 , reaching the maximal peak at 30 min (involving~50% of the cells), and then slightly declined by 2 h to approximately 30% of the cells that survived the treatment. This decline possibly reflected the consumption of LC3 within the newly formed autophagolysosomes. The H 2 O 2 -induced vacuolar relocation of LC3 was associated with the processing of LC3 into the 16-kDa isoform II (Fig. 2B) . To determine whether H 2 O 2 actually induced autophagy or interfered with the basal autophagy flux, the cells were exposed to oxidative stress in the presence of ammonium chloride. This drug impairs the activity of acid hydrolases and the fusion of autophagosomes with lysosomes by raising the internal vacuolar pH, thus preserving LC3 II from lysosomal degradation (Kawai et al., 2007) . In the presence of ammonium chloride, LC3 II accumulated in oxidative-stressed cells, confirming that H 2 O 2 in fact increased the autophagy rate. This was further confirmed by imaging the acidic vacuolar compartments (which includes autophagolysosomes) with the pHsensitive fluorescent probe Acridine Orange (Fig. 2C ). That accumulation of vacuolar LC3 in peroxide-treated cells was not the result of autophagy flux inhibition was finally ruled out by showing the colocalization of endogenous LC3 with Lamp1, a lysosomal marker. The images in Figure 2D demonstrate the fusion of autophagosomes with lysosomes in cells exposed to H 2 O 2 , and this event is largely inhibited in the presence of ammonium chloride as expected. To see whether at this time autophagy was protecting the cells from oxidative stress injury, SH-SY5Y cells were exposed to H 2 O 2 for 30 min and then rinsed and further incubated for 4 h in fresh medium. The phase-contrast imaging of the monolayers shows that no cell loss occurred in these experimental conditions (Fig. 2E) . By contrast, in parallel cultures exposed to H 2 O 2 for 4 h, approximately 90% of the cells detached in consequence of cell death (Fig. 2E) . It is noticed that autophagy was active in all conditions of H 2 O 2 stimulation (Fig. 2F ). Data in Figure 1 showed that when exposed to 200lM H 2 O 2 SH-SY5Y cells initially resist by activating transitorily the Akt pathway, but later they succumb in concomitance with Akt inactivation. We therefore determined the phosphorylation status of Akt in the aforementioned culture conditions. Akt was strongly activated in the cells exposed for 30 min to H 2 O 2 and returned to the basal value of phosphorylation in the following 4 h of incubation, regardless of whether still in the presence of H 2 O 2 or in fresh medium (Fig. 2G) . It is noticed, however, that after 4 h of continuous culture in the presence of H 2 O 2 the total amount of Akt was reduced of some 40%. From these data, we conclude that (1) autophagy is a very early response to H 2 O 2 stress and reaches its maximal level at 30 min concurrently with and despite of the activation of Akt, (2) autophagy remains upregulated (for at least 4 h) in cells challenged with H 2 O 2 also when the stimulus is removed, (3) the cells fully recover from a 30 min of H 2 O 2 exposure, suggesting a cooperative protective activity by Akt and autophagy.
Induction of Autophagy Parallels Peroxide-Induced Inactivation of Mammalian Target of Rapamycin and Is Prevented by 3-Methyladenine
It was a kind of surprise that autophagy peaked at 30 min of H 2 O 2 challenge in concomitance with maximal Akt phosphorylation. We therefore investigated further on the functional relationship between the Akt pathway and induction of autophagy under oxidative stress conditions. Continuous incubation with H 2 O 2 for up to 4 h led to the sustained production of autophagosomes, as demonstrated by LC3 II production (Fig. 3A) and consistent with the above data (Fig. 2F) . We interrogated the signaling pathway downstream Akt and impinging on autophagy regulation. Mammalian target of rapamycin (mTOR) is a protein kinase that is indirectly activated by phosphorylated Akt and that when bound together with raptor forms the complex mTORC1 which negatively regulates autophagy (Arsham and Neufeld, 2006) . Consistently, disruption of mTORC1 with rapamycin promptly resulted in autophagosome formation, as testified by the generation of LC3 II (Fig. 3A) . We then looked at the phosphorylation status of the ribosomal proteins S6, a downstream substrate of p70S6kinase, which mirrors the mTOR kinase activity (Tato et al., 2011) . As expected in healthy growing cells, in controls S6 is intensely phosphorylated, in the presence of H 2 O 2 . Panels in (E) show the phase-contrast image of the monolayers, whereas panels in (F) show the immunofluorescence in cells labeled for LC3 and Lamp1. Representative images of three independent experiments are shown. Bar ¼ 10 lm. Quantification and statistic is presented (note that at 4 h < 10% of the initial cell population was still attached on coverslip). (G) Western blotting of ser473-pAkt and of total Akt in cell homogenates of parallel cultures incubated as for the experiments described in (E). The filter was stripped and probed for actin as marker of protein loading. One representative gel out of three independent experiments is shown. The densitometry ratio of pAkt/total Akt is reported. Statistical significance between relevant treatments is indicated. whereas upon exposure to H 2 O 2 it is rapidly dephosphorylated indicating that mTOR is inactive under oxidative stress condition (Fig. 3B) . It is somehow intriguing that at 30 min of H 2 O 2 exposure, when Akt is intensely phosphorylated, the mTOR pathway appears nearly completely inactive as it happens in rapamycin-treated cells (Fig. 3B) . Thus, under oxidative stress rapid inactivation of mTOR occurs despite the transient phosphorylation of Akt, and this parallels the autophagy process. Induction of autophagy is positively regulated by phosphatidylinositol-3-phosphate kinase (PI3k) class III (Vps34) and is negatively regulated by PI3k class I (Isidoro et al., 2009) . The PI3k inhibitor 3MA can inhibit autophagy (Seglen and Gordon, 1982) , if used under appropriate condition of concentration and time of incubation that preferentially inhibit only PI3k class III (Wu et al., 2010) . 3MA effectively inhibited the formation of autophagosomes, as monitored by LC3 II processing (Fig. 3C) , confirming the induction of Vps34-dependent in response to H 2 O 2 and in agreement with our previous experiments in SH-SY5Y cells expressing a transgenic Vps34-dominant negative (Castino et al., 2010) . To see whether in our condition 3MA also affected the PI3k class I pathway (Wu et al., 2010) , we assayed its effect on the phosphorylation of Akt in H 2 O 2 -treated cells. In our experimental condition, 3MA apparently did not interfere with PI3K class I activity because the level of phosphorylated Akt in oxidative stressed cells remained substantially unchanged regardless of whether the cells had been incubated or not with this drug (Fig. 3D ).
H 2 O 2 Toxicity in SY-SY5Y Cells Follows Hyperactivation of Vps34/Beclin-1-Mediated Autophagy
We asked about the role of autophagy in SH-SY5Y cells undergoing apoptosis following a prolonged exposure (> 30 min) to H 2 O 2 . Based on chromatin condensation and fragmentation and on vacuolar LC3 positivity, apoptotic features in autophagic cells are apparent at 60 min, and become even more evident by 120 min, of incubation with H 2 O 2 (Fig. 4A) . To discriminate whether apoptosis occurred despite autophagy or because of autophagy cell death was measured in cells exposed for 2 h to H 2 O 2 under autophagy inhibition. 3MA inhibited LC3-positive autophagy, in agreement with above data (Fig. 3C) , and prevented the appearance of apoptotic figures (Fig. 4B) . 3MA also abrogated annexin Vpositive cell death in H 2 O 2 -treated cells (Fig. 4C) . To further substantiate the protective activity of 3MA, we performed a clonogenic assay. Extensive cell death (~90%) was observed in cultures exposed for as long as 4 h to H 2 O 2 , and this was completely abrogated by 3MA (Fig. 4D) . After 40-h incubation in fresh medium, the cells pretreated with 3MA and exposed for 4 h to H 2 O 2 duplicated with the same efficiency as their parental controls (Fig. 4D) . Similarly, the cells not pretreated with 3MA that survived the peroxide treatment duplicated when switched in fresh medium. Cytofluorometry analysis of annexin V-positive cell death confirmed the full protection by 3MA toward a 4-h exposure to H 2 O 2 (Fig. 4E) .
Beclin-1 is a critical interactor of Vps34/PI3k III in the autophagy pathway (Yang and Klionsky, 2010) , though beclin-1-independent autophagy can be triggered by intracellular hydrogen peroxide (Wong et al., 2010) . To see whether a beclin-1-independent autophagy pathway was involved in the cytotoxic mechanism of H 2 O 2 in SH-SY5Y, beclin-1 expression was knocked down through specific siRNA transfection (Fig. 5A) . The amount of beclin-1 protein in genesilenced cells dropped to approximately 10% of the initial value (Fig. 5A) . Sham-and beclin-1-siRNA-transfected cells were exposed to H 2 O 2 for 15 min and then stained for immunofluorescence detection of beclin-1 and of Golgin-97, a Golgi complex-associated protein. The oxidant treatment rapidly induced the recruitment of beclin-1 into macroaggregates colocalizing with Golgin-97, consistent with a previous finding showing the presence of the beclin-1/Vps34 complex at the trans-Golgi network (Kihara et al., 2001) (Fig. 5B) . These structures could be clearly detected in > 50% of the cell population and were practically absent in beclin-1-specific siRNA-transfected cells, confirming the efficient silencing of the autophagy protein (Fig. 5B) . Beclin-1 knock down did not alter the localization of Golgin-97. In parallel cultures, the consequence of beclin-1 knock down in H 2 O 2 toxicity was assessed by cytofluorometry evaluation of annexin V-positive cells and by immunofluorescence detection of activated bax. Contrary to sham-infected culture, in beclin-1 siRNA-transfected culture no annexin V-positive cell death (Fig. 5C ) and no bax oligomerization (Fig. 5D ) were observed after 2 h exposure to H 2 O 2 . The present data indicate that, in our experimental model, apoptosis induced by peroxide depends on and follows the activation of canonical autophagy, in accord with our previous findings (Castino et al., 2010) . Further, the fact that the cells pretreated with 3MA or knocked down for beclin-1 could survive a 2-4 h exposure to H 2 O 2 would imply that autophagy is not essential to guarantee cell survival. Inhibitory Effect of DFO We next investigated the site and the type of H 2 O 2 -induced free radicals involved in the activation of autophagy. H 2 O 2 -induced oxidoradicals were first detected with the H 2 DCF-DA probe, which is sensitive for hydroxyl radicals (Bilski et al., 2002) . DCF punctate fluorescence was soon detected (< 5 min) in approximately 40% of cell population exposed to H 2 O 2 , and this proportion increased up to 60% by 15 min (Fig. 6A) . DFO is a specific lysosomal iron chelator that interrupts the Fenton reaction by sequestering ferric ions (Halliwell, 1989) . DFO (1mM, 2 h preincubation) completely abolished the appearance of DCF fluorescence in H 2 O 2 -treated cells (Fig. 6A) . Next, we introduced in the study another probe, mitochondria specific, for the detection of ROS in H 2 O 2 -treated cells. MitoSox is reportedly used to assay the presence of oxidant species, essentially the superoxide anion, within mitochondria (Kirkland et al., 2007) . With this probe, no signs of oxidative stressassociated fluorescence were detected in cells exposed to H 2 O 2 for up to 30 min (data not shown and Fig. 6B ). MitoSox fluorescence became evident by 60 min of exposure to H 2 O 2 (a time coincident with the appearance of apoptotic signs), and this was abrogated by pre-incubation with DFO (Fig. 6B) .
Taken together, these data indicate that on peroxide treatment lysosomal iron-dependent oxidation of H 2 DCF takes place very soon and precedes the oxidation of MitoSox. Finally, we assayed the ability of DFO to interfere with the induction of autophagy by peroxide. We employed the fluorescent dye MDC, which accumulates within mature acidic autophagic vacuoles, to monitor the dynamic induction of autophagy in cells preincubated with DFO and exposed to H 2 O 2 for up to 2 h. Intense MDC fluorescence was soon (within 5 min) detectable in cells exposed to H 2 O 2 (Fig. 7A) , which agrees with the data obtained in GFP-LC3-transfected cells. MDC fluorescence was comparable to controls (i.e., faintly detectable) in cells exposed to H 2 O 2 that had been preincubated with DFO (Fig. 7A) . Similarly, 3MA greatly inhibited the peroxide-associated MDC staining (data not shown). To confirm these data, cells exposed to peroxide for 2 h were fixed and processed for immunofluorescence detection of specific autophagy markers. Again, the formation of Beclin-1-positive macro-aggregates and of LC3-and Lamp1-positive autophagic vacuoles was abolished by DFO (Fig. 7B) . To assess the sequential relationship between lysosomal-iron-mediated generation of ROS and autophagy induced by H 2 O 2 , we tested the ability of DFO and of 3MA to inhibit the formation of ROS. Contrary to DFO, 3MA was unable to prevent the generation of DCF-sensitive ROS in cells exposed to peroxide for 15 min FIG. 6 . Effect of DFO on the oxidation of H 2 DCF and MitoSox by H 2 O 2 in SH-SY5Y cultures. Cells adherent on coverslips and preincubated with or without DFO as indicated were exposed for 0, 5, and 15 min to H 2 O 2 . Cells were preloaded with the hydroxyl-sensitive fluorescent probe H 2 DCF-DA. DCF oxidation was soon detected as fluorescent spots in cultures exposed to H 2 O 2 , but not if they had been preincubated with DFO. Quantification of DCF-positive cells is reported. (B) Cells adherent on coverslips and preincubated with or without DFO as indicated were exposed for up to 120 min to H 2 O 2 . Cells were preloaded with the superoxide anion-sensitive MitoSox fluorescent probe. In H 2 O 2 -treated cultures, MitoSox oxidation was faintly detectable at 60 min and more intensely detected at 120 min and was completely prevented by DFO. Quantification of MitoSox-positive cells is reported (consider that at 120 min > 50% of the cells detached). Images are representative of four independent experiments. Bar ¼ 10 lm.
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( Fig. 8A ). In cells exposed to H 2 O 2 , DCF fluorescence soon appeared as discrete spots suggestive of organelle compartmentalized ROS localization. Consistently, DCF fluorescence largely (~85%) colocalized with rhodamine-123, a fluorochrome that labels mitochondria (Fig. 8B ). To conclude: (1) on H 2 O 2 exposure different types of oxidant reactions take place in a temporally definite order, being H 2 DCF oxidized (at mitochondrial level) before MitoSox, and (2) generation of DCF-sensitive ROS (namely hydroxyl radicals) relies on the availability of free lysosomal ferric ions and precedes the induction of autophagy by peroxide.
DFO Prevents Akt Dephosphorylation and Cell Toxicity by H 2 O 2
Finally, we evaluated the effect of DFO on the Akt survival pathway in peroxide-treated cells. The cells were preincubated with DFO and then exposed to H 2 O 2 for 30 min and 2 h. DFO did not hamper Akt phosphorylation and completely protected phospho-Akt from subsequent dephosphorylation induced by H 2 O 2 (Fig. 9) . In addition, DFO completely prevented cell death, in accord with our previous finding (Castino et al., 2007) (Figs. 10A and 10B) . Consistently, activation of bax and permeabilization of mitochondria induced by peroxide could be prevented by DFO (Fig. 10C) . To further substantiate the protective activity of DFO, we performed a clonogenic assay. As for the experiment described in Figure 4D , the exposure to H 2 O 2 was prolonged for 4 h in order to exacerbate cell toxicity, the medium was then refreshed, and the cells further incubated for 40 h in the absence of exogenous peroxide and DFO. At the end, cell loss and cell recovery were measured by cell counting and annexin V-positive apoptosis was assessed by cytofluorometry. After 4-h incubation with H 2 O 2 , cell loss amounted to 
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> 85% and the cells that survived duplicated in the next 40 h in fresh medium (Fig. 11A) . In DFO pretreated cultures, no cell loss was observed after 4-h incubation with H 2 O 2 and cells duplicated in the next 40 h just as in controls (Fig. 11A) . Annexin-V-positive cells death V amounted to approximately 70% after 4-h incubation with H 2 O 2 and slightly increased in the next 40-h incubation in fresh medium, whereas no annexin V-positive cell death was detected in cultures pretreated with DFO (Fig. 11B) .
Together with previous data, these observations further confirm that induction of autophagy and of autophagy-mediated apoptosis by peroxide is dictated by ROS, whose formation at mitochondrial level strictly depends on the availability of free redox-active iron present in endosomes and lysosomes.
DISCUSSION
The main findings of the present study are schematically reported in Figure 12 . In our previous works, we have shown that bax-mediated apoptosis induced by peroxide in SH-SY5Y cells followed induction of autophagy (Castino et al., 2010) . In this work, we demonstrate that lysosomal free iron plays a determinant role in the toxicity of H 2 O 2 through the generation of ROS that trigger and sustain autophagy. Induction of LC3-positive vacuoles and generation of DCFsensitive ROS followed the same kinetics in peroxide-treated cells. The lysosomal iron chelator DFO prevented both these events, whereas 3MA, though fully preventing the accumulation of LC3-positive autophagosomes, did not impede the generation of ROS by H 2 O 2 . These data indicate that autophagy strictly depends on and follows lysosomal ironmediated generation of ROS.
H 2 O 2 is at the same time a strong stimulus for autophagy, a salvage cellular response, and a lethal toxicant (Castino et al., 2010; Choi et al., 2010; Pivtoraiko et al., 2009) . H 2 O 2 induces autophagy through the sequential activation of ATM, AMPk, and TSC2, which finally inhibits the rapamycin-sensitive mTOR complex 1 (Alexander et al., 2010) . This pathway is, however, counteracted by Akt, which inactivates TSC2 and allows mTOR to repress autophagy (Arico et al., 2001) . H 2 O 2 induces a transient phosphorylation of Akt, which contributes to the survival of treated cells, followed by dephosphorylation and degradation of Akt (Martin et al., 2002; Murata et al., 2003) . A similar kinetic of Akt activation and inactivation was observed in the present experimental model. Strikingly, autophagy was allowed in spite of concomitant Akt activation. However, the mTOR-p70S6k pathway was inactivated by H 2 O 2 , as shown by the complete dephosphorylation of the downstream target ribosomal protein S6. In certain situations of stress, the activation of Akt has been shown to repress protective autophagy and to precipitate cell death FIG. 9 . Effect of DFO on the phosphorylation/dephosphorylation of Akt induced by H 2 O 2 . SH-SY5Y cells preincubated or not with DFO and exposed to H 2 O 2 for the time indicated. At the end of the incubation, the cells were collected and homogenized in lysis buffer for western blotting analysis. The filter was subsequently probed, stripped, and reprobed for ser473-phosphorylated Akt, total Akt, and actin. Akt is up-phosphorylated within 30 min (A) and phosphorylation decays by 120 min of exposure to H 2 O 2 (B), but it is maintained in cells that had been preincubated with DFO. These experiments have been performed three times with reproducible results (one representative western blotting is shown). The densitometry of the bands (pAkt/Akt ratio) and statistical significance between relevant treatments is reported. 536 CASTINO ET AL. (Castino et al., 2008b) . Here we show that oxidative stressinduced autophagy plays a dual role, being protective in the early phase of intoxication and promoting apoptosis once the intoxication has passed the point of no return. A short (up to 30 min) exposure to H 2 O 2 was not toxic and did not determine irremediable damages because the cells rescued cell proliferation ability if switched into fresh H 2 O 2 -free medium. At this time, the Akt pathway was maximally activated along with autophagy, suggesting a cooperative protective activity of these pathways. However, although inhibition of Akt exacerbated bax-mediated apoptosis in H 2 O 2 -treated cells, inhibition of autophagy did not accelerated, rather protected from cell death. Thus, autophagy, though probably cooperating with the Akt pro-survival pathway, apparently is not determinant for cell viability in the initial phase of H 2 O 2 exposure. The role played by Akt in the cross talk between autophagy and apoptosis in oxidative stressed cells likely depends on the concentration of H 2 O 2 used and the time window of observation. In several studies, H 2 O 2 toxicity associated with induction of autophagy has been analyzed after a prolonged (> 24 h) treatment with nonphysiologically relevant concentrations (1mM) of H 2 O 2 (Chen et al., 2008 (Chen et al., , 2009 . However, the prosurvival activity of Akt requires the nuclear translocation of the protein phosphorylated at both ser473 and thr308 sites (Antico Arciuch et al., 2009; Sarbassov et al., 2005) , and the prolonged exposure to > 250lM H 2 O 2 compromises the PDK1-mediated phosphorylation at thr308 and subsequent mitochondria to nucleus translocation of ser473-pAkt (Antico Arciuch et al., 2009 ).
Our data suggest that H 2 O 2 activated Akt and autophagy via two independent and parallel pathways. In fact, DFO inhibited both the mitochondrial production of hydroxyl radicals and autophagy but did not prevent Akt phosphorylation, indicating that transient H 2 O 2 -induced phosphorylation of Akt does not rely on HO Á radicals. We propose that cytosolic H 2 O 2 directly ROS, LYSOSOMAL FE, AND AUTOPHAGY-DEPENDENT APOPTOSIS 537 activates mTORC2, the ser473 Akt phosphorylating kinase (Sarbassov et al., 2005) . DFO also prevented Akt dephosphorylation. It has been shown that the prolonged (> 60 min) exposure to H 2 O 2 results in the intermolecular association of pAkt with the inactivating phosphatase PP2A and that this interaction is favored in the presence of divalent metals such as Cd 2þ (Murata et al., 2003) Also, it has been proven that Fe 2þ acts as a cofactor activator of PP2A (Yu, 1998) . The preincubation with DFO likely depleted the cytoplasm, and probably other compartments, of iron (Doulias et al., 2003) , and as a result PP2A remained in the inactive state. We further investigated on the nature and site of production of ROS involved in autophagy. Some discrepancies exist on the type and the time of ROS production and onset of autophagy by exogenous H 2 O 2 between this study and other studies from the literature. In most cases, however, ROS and autophagy were detected later (> 6 h) and with > 0.5mM H 2 O 2 (Chen et al., 2008 (Chen et al., , 2009 , whereas here we show the induction of ROS and of autophagy as early as 5 min after 0.2mM H 2 O 2 challenge. We employed two different probes to detect ROS: H 2 DCF-DA and MitoSox. Once entered the cell, H 2 DCF-DA is rapidly de-esterified and H 2 DCF accumulates in the cytoplasm and in the mitochondrial intermembrane space (Karlsson et al., 2010) . In fact, being hydrophilic, H 2 DCF cannot enter membrane-sealed compartments but the fenestrated outer membrane of mitochondria. H 2 O 2 cannot directly oxidize H 2 DCF. This may occur either through a Fenton-like reaction (i.e., H 2 O 2 plus Fe þþ ) or by cytochrome c at mitochondrial level (Karlsson et al., 2010) . MitoSox is a mitochondria-targeted modified hydroethidine (Robinson et al., 2006 ) that becomes fluorescent once it is oxidized (essentially) by superoxide anion (Kirkland et al., 2007) . DCF fluorescence, which mirrors hydroxyl radicals, was basally absent and became evident within 5 min of H 2 O 2 exposure, showing at this time-point a punctate staining colocalizing with rhodamine, a mitochondria tracer. This finding is consistent with the notion that mitochondria are the source of autophagy-inducing ROS (Scherz-Shouval et al., 2007) . By contrast, MitoSox fluorescence, which mirrors superoxide anion, became evident later (> 30 min), in coincidence with the appearance of apoptotic signs. It is noticed that HeLa cells exposed to 1mM H 2 O 2 for 24 h showed the presence of superoxide anion not of hydroxyl radical (Chen et al., 2009) . This is, however, not surprising considering that hydroxyl radicals are extremely reactive and short-lived radicals. DFO, a high-affinity ferric ion chelator produced by Streptomyces pilosus, acts exclusively within the endosomal-lysosomal compartment (Kurz et al., 2004) . By binding Fe 3þ , DFO prevents the reconstitution of Fe 2þ required for the production of hydroxyl radicals. The present data suggest that H 2 DCF is primarily oxidized within mitochondria by ROS (namely HO Á ) arising from a Fenton reaction between exogenous H 2 O 2 and lysosomal-derived ferrous iron. Ferrous iron can be trafficked from lysosomes to mitochondria (Uchiyama et al., 2008) . It is conceivable that lysosomes regularly supply the mitochondria with chelatable iron and that in our conditions the prolonged incubation with DFO interrupted this flux (Tenopoulou et al., 2005) . Consistent with this interpretation, 1mM DFO was shown to rapidly and efficiently deplete the cytoplasm of iron (Doulias et al., 2003) .
In conclusion, we have demonstrated that in the presence of H 2 O 2 , lysosomal labile iron is needed for the generation of free radicals (HO Á ) within mitochondria and that these radicals rapidly trigger a PI3k III-beclin-1 autophagy pathway. Persistent (> 30 min) exposure to H 2 O 2 leads the cells to autophagy-dependent apoptosis. DFO prevents the generation of free radicals and induction of autophagy and finally protects from H 2 O 2 injury. We also show that H 2 O 2 -induced phosphorylation of Akt occurs also in the presence of DFO, meaning independency from hydroxyl radicals. Finally, we show that DFO prevents the subsequent dephosphorylation of Akt, consistent with a direct involvement of iron in the activation of PP2A (Yu, 1998) . It has been reported that following ischemia-reperfusion, a transient (15-30 min) peak of 100-175lM H 2 O 2 occurs in striatal cerebral area, which causes dopaminergic neuron cell loss (Hyslop et al., 1995) . In vivo, the toxicity due to H 2 O 2 is exacerbated by the Fe 2þ that is liberated in the microenvironmental milieu in association with anoxia (Castellanos et al., 2002) . In this regard, the present findings provide a mechanistic rationale for the neuroprotective activity of DFO in neurons exposed to H 2 O 2 -generating metabolic stresses (Zhao and Rempe, 2011) . 
FIG. 12.
Schematic representation of the results. H 2 O 2 triggers two parallel and independent pathways, one leading to induction of autophagy, the other to transient Akt phosphorylation. Induction of autophagy depends on the mitochondrial generation of hydroxyl radicals, which arise from Fenton reaction between H 2 O 2 and redox-active iron. The mTOR pathway is inactive in oxidative-stressed cells. Akt phosphorylation does not preclude autophagy but prevents apoptosis in H 2 O 2 -stressed cells. However, prolonged incubation in the presence of H 2 O 2 leads to Akt dephosphorylation and autophagydependent cell death. DFO, by sequestering iron within lysosomes, prevents the prompt formation of hydroxyl radicals (as well as of superoxide anion, which appears later) and, consequently, of autophagy and apoptosis induced by H 2 O 2 . DFO also prevents Akt dephosphorylation. 3MA and siRNA-beclin-1 prevents autophagy and cell death.
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